The aim of the present study was to characterize the action of the neurotransmitter, NO Furthermore, at least two subtypes of NO-synthases, the NOS-1 (neuronal form) and the NOS-3 (endothelial form), were found as transcripts in mRNA isolated from the rat myenteric ganglia.
Abstract:
The aim of the present study was to characterize the action of the neurotransmitter, NO, on rat myenteric neurons. A NO donor such as GEA 3162 (10 -4 Whole-cell patch-clamp recordings confirmed the activation of voltage-dependent Ca 2+ channels, measured as inward current carried by Ba 2+ , by the NO donor. The peak Ba 2+ -carried inward current increased from -100 ± 19 pA to -185 ± 34 pA in the presence of sodium nitroprusside (10 -4 mol . l -1 ). The consequence was a hyperpolarization of the membrane, which was blocked by intracellular Cs + , and thus most probably reflects the activation of Ca 2+ -dependent K + channels.
Introduction
Nitric oxide (NO) is an important neurotransmitter in the enteric nervous system, involved e.g. in the descending relaxation of the smooth muscle layer during the peristaltic reflex (3) or regulation of mucosal blood flow (for review, see (30) ). In vivo, NO is released from the guanidino group of L-arginine by NO synthases (NOS), from which three isoforms are known: the neuronal form, NOS-1, the inducible form, NOS-2, and the endothelial form, NOS-3 (14, 27) , with NOS-1 as predominant type expressed by enteric neurons (29) .
Whereas peripheral actions of NO on target cells such as the muscle layer of the gut wall or blood vessels are well known, there is only scarce information about the question wether NO might act as a neurotransmitter on the enteric neurons themselves. In guinea pig small intestine, a NO donor such as sodium nitroprusside (SNP) did not affect basal membrane potential of myenteric neurons, but inhibited slow excitatory postsynaptic potentials (28) . Furthermore, inhibition of NOS-1 potentiated the effect of electric field stimulation on anion secretion in guinea pig colon, suggesting a basal inhibitory effect of NO on the enteric nervous system (19). In the small intestine of the same species, NO has been reported to act as a retrograde transmitter released from interneurons affecting synaptic transmission between these interneurons and sensory neurons (38) . Further evidence for potential neuronal effects of NO comes from immunohistochemical studies which show that the expression pattern of NOS isoforms in the murine myenteric plexus changes during development with an early, but transient expression of NOS-2 during embryogenesis, followed by the expression of NOS-1 and NOS-3, suggesting a role for NO in the development of the enteric nervous system (1).
For other species such as rat, there is no information available about possible direct actions of NO on enteric neurons and the mechanisms involved. Therefore, in the present study, we investigated 
Material and methods

Isolation and incubation procedure
Myenteric ganglia were isolated from the small intestine of 4 to 10 d old rats. Animals were killed by decapitation (approved by Regierungspräsidium Giessen, Giessen, Germany). After the gut was removed from the rat, the intestine was transferred to Dulbecco's modified eagle's medium (DMEM). The serosa was stripped away under optical control and the muscle layer was separated from the mucosa using fine forceps. Then the muscle was dissociated by incubation at 37˚ C in DMEM containing 1 mg . ml -1 collagenase type II (Life Technologies, Eggenstein, Germany). The ganglia, forming net-like structures (24) , were collected with a micropipette and placed on ice.
This was followed by washing with DMEM, centrifugation for 10 min (600 rpm), and transfer into Start-V® medium (Biochrom, Berlin, Germany) containing penicillin (10,000 units . ml -1 ), streptomycin (10 mg . ml -1 ), and 10 % (v/v) FCS (fetal calves serum; PAA, Cölbe, Germany). The ganglia were plated on cover slides (diameter 13 mm) coated with poly-L-lysine (molecular weight > 300 kDa; Biochrom, Berlin, Germany) in conventional four-well dishes. The cover slides were placed in the incubator for 45 min to let the ganglionic nets settle down. Then each well was filled with Start-V® medium to a final volume of 500 µl. The four-well chambers were kept in the incubator at 37 ˚C with continuous carbogen (5 % CO 2 in O 2 , v/v) supply. The slides were used in electrophysiological or imaging experiments the next day.
Solutions
The standard solution for superfusion of the myenteric ganglia during the patch-clamp or the fura- 
Patch-clamp experiments
The myenteric ganglia grown on glass slides were transferred into the experimental chamber (volume 0.5 ml), which was superfused hydrostatically (perfusion rate about 1 ml . min 
Fura-2 experiments
Relative changes in the intracellular Ca 2+ concentration were measured using the Ca 2+ -sensitive fluorescent dye, fura-2 as described previously (8) . The myenteric ganglia were loaded for 60 min with 5 . 10 -6 mol . l -1 fura-2-acetoxymethylester (fura-2-AM) in the presence of 0.05 g . l -1 pluronic acid. The fura-2-AM was then washed away. The ganglia grown on glass coverslips were transferred into the experimental chamber with a volume of about 3 ml. The cells were superfused hydrostatically throughout the experiment at a flow rate at about 1 ml . min -1 .
Experiments were carried out at room temperature on an inverted microscope (Olympus IX-50;
Olympus, Hamburg, Germany) equipped with an epifluorescence set-up and image analysis system (Till Photonics, Gräfelfing, Germany). Several regions of interest, each with the size of about one cell, were selected. At the end of each experiment, cell viability was controlled by administation of cyclopiazonic acid (CPA; 5 . 10 -5 mol . l -1 ), a blocker of sarcoplasmic-endoplasmic reticulum Ca 2+ -ATPases (SERCA); all cells responding to CPA were included in the statistical analysis. The wavelength, at which fura-2 is maximally excited, shifts depending on the cytoplasmatic Ca 2+ concentration. The cells were excited alternatively at 340 nm and 380 nm and the ratio of the emission signal (above 470 nm) at both excitation wavelengths was calculated.
Data were sampled at 0.2 Hz.
Reverse transcriptase polymerase chain reaction (RT-PCR) experiments
For RT-PCR studies, myenteric ganglia were transferred into lysis buffer (Qiagen, Heiden, Germany) and homogenized using a mixer mill (NM301; Retsch, Haan, Germany) with a frequency of 300 Hz. Total RNA was isolated using spin columns (RNeasy kit, Qiagen, Heiden, Germany Germany. Cycling conditions for PCR were 10 min at 94° C, 40 cycles of 1 min at 94° C, 1 min at 60° C and 2 min at 72° C followed by a final elongation for 10 min at 72° C. The reaction product was visualized after electrophoresis in an agarose gel and staining with ethidiumbromide.
Immunocytochemical detection of NOS isoforms
In 
Results
Effect of a NO donor on the fura-2 ratio
As neuronal excitation is in general linked with an increase in the intracellular Ca 2+ concentration, in the first series of experiments, the ganglia were loaded with the Ca 2+ -sensitive dye, fura-2, and changes in the fura-2 ratio signal as indicator for an increase in the cytosolic Ca 2+ concentration were measured. The ganglia were exposed to a drug known to liberate NO, GEA Fig. 2A ). Measurement of IV-curves revealed that the inward current (measured at its maximum, i.e. during a depolarizing pulse to +20 mV) increased from -100 ± 19 pA under control condtions to -185 ± 34 pA in the presence of SNP ( Fig. 2B ; p < 0.05, n = 7). The maximum inward current was observed at a more positive clamp potential compared to a previous study at rat myenteric neurons (5) A stimulation of Ba 2+ -carried inward current by the NO donor was observed in all neurons, where a succesful whole-cell recording was possible. When time constants for activation and inactivation of Ba 2+ currents were fitted in the absence and in the presence of SNP, there was no obvious difference in both after admistration of the NO donor, indicating that SNP did not modify the process of voltage-dependent activation or inactivation (Fig. 3) .
The action of SNP on Ba 2+ currents was suppressed by ODQ, an inhibitor of the soluble guanylate cyclase (10). In the presence of ODQ (10 -5 mol . l -1 ; applied with the superfusion), the peak Ba 2+ -carried inward current amounted to -123 ± 23 pA (n = 7). When SNP was administered in the presence of this inhibitor, the NO-donor did not stimulate the inward current any more (peak inward current after administration of SNP: -121 ± 22 pA, n = 7).
Effect of a NO donor on membrane potential
In order to investigate changes in membrane potential evoked by NO, membrane potential was measured in the current-clamp mode using a standard pipette solution (see Methods). Superfusion with the NO donor evoked a hyperpolarization of the membrane (Fig. 4) . In average, membrane potential changed from -29.3 ± 3.5 mV under control conditions to -39.0 ± 5.7 mV in the presence of SNP (p < 0.05, n = 8).
Other substances such as the short-chain fatty acid, butyrate, or the eicosanoid, thromboxane A 2 , induce an increase in the cytosolic Ca 2+ concentration followed by a similar hyperpolarization at rat myenteric neurons as observed for the NO donor; a response, which is mediated by the activation of Ca 2+ -dependent K + channels (7, 20) . Therefore, the effect of SNP was tested after blockade of K + channels by intracellular Cs + applied with the patch-clamp pipette during the whole-cell recording. After blockade of K + channels with Cs + , basal membrane potential only amounted to -10.0 ± 2.0 mV (n = 6). Sodium nitroprusside, applied under these conditions, caused only a marginal, insignificant change of membrane potential to -11.0 ± 1.8 mV (n = 6),
suggesting that an activation of probably Ca 2+ -dependent K + channels is responsible for the hyperpolarization evoked by NO.
Detection of NOS isoforms in rat myenteric ganglia
Finally we asked for the ability of the myenteric ganglia to produce NO. First, mRNA was isolated from the ganglia and a RT-PCR was performed for the 3 different isoforms of NO synthase. The mRNA for the neuronal form of the enzyme, the NOS-1, was clearly present, when the agarose gels were stained with ethidium bromide (Fig. 5A ). In addition, there was a very weak, but highly reproducible band for the endothelial form of the enzyme, the NOS-3 (Fig. 5B ).
For the inducible form (NOS-2), no mRNA was found in the preparation (data not shown).
These findings were confirmed by immunohistochemical staining. The myenteric ganglia express the neuronal form of the NO-producing enzyme (Fig. 6 ), the NOS-1, as shown already by others (see e.g. (17, 32) ). However, also the NOS-3 could be detected in the ganglia immunohistochemically (Fig. 7) . In contrast, the inducible form of the enzyme, the NOS-2, was not observed (or below our limit of detection), at least not under basal conditions (data not shown).
Double-labelling experiments against the neuronal marker, PGP9.5, and the glial marker, GFAP, revealed that NOS-1 and NOS-3 were expressed both by myenteric neurons as well as by glia (Fig. 8) . Not all PGP9.5-or GFAP-positive cells could be colabelled with NOS-1 or NOS-3,
indicating that NOS expression is restricted to a subset of ganglionic cell.
Discussion
NO donors evoke an increase in the cytosolic Ca 2+ concentration of rat myenteric neurons (Fig.   1A ). Despite the well-known heterogeneity of enteric neurons concerning morphology, transmitter expression or electrophysiological properties (35) , the response was consistently observed in the cultured myenteric ganglia suggesting that most of these neurons respond to nitric oxide. Effects of NO on the cytosolic Ca 2+ concentration are well known from other tissues, but seem to be strongly cell-type specific. For example, in rat hepatocytes, NO evokes a release of Ca 2+ from intracellular stores via inositol-1,4,5-trisphosphate receptors (15) . In other cells, however, such as coronary smooth muscle cells, NO donors inhibit Ca 2+ signalling, probably through an interaction with the enzyme cADP-ribosyl cyclase responsible for the production of cADP ribose (37) . Similarly, in murine skeletal muscle fibres, NO exerts an inhibitory action on Ca 2+ release via ryanodine receptors (18). In contrast, in the rat myenteric ganglia, the increase in the cytosolic Ca 2+ concentration was completely dependent on the presence of extracellular Ca 2+ (Fig. 1B) and was inhibited by typical Ca 2+ channel blockers, especially L-type Ca 2+ blockers (Fig. 1C-D, Table 1 ), clearly indicating that in these cells NO stimulates an influx of Ca 2+ from the extracellular space.
Whole-cell patch-clamp experiments confirmed the stimulation of a Ca 2+ conductance (measured as Ba 2+ -carried inward current) by NO ( Fig. 2A) . NO did not change the voltage-dependence of the Ca 2+ currents (Fig. 2B) and also not the time constants for activation and inactivation (Fig. 3) , suggesting either an increase in the density of active Ca 2+ channels in the membrane or an increase in open probability after exposure to NO.
The mechanism, by which NO affects voltage-dependent Ca 2+ channels, is unknown. Consequently, NO seems to exert in generally an inhibitory action on enteric neurons; an effect, which might be explained by the present observation that the stimulation of Ca 2+ influx via voltage-dependent Ca 2+ channels causes the opening of Ca 2+ -dependent K + channels and thereby hyperpolarizes the membrane (Fig. 4) . This shifts the membrane potential away from the threshold for the opening of voltage-dependent Na + channels and will therefore reduce excitability of enteric neurons.
Nitrergic neurons project predominantly in an anal direction, e.g. to innervate the circular muscle, where they contribute to the descending relaxation during the peristaltic reflex, or the mucosa, where they affect epithelial ion transport (see e.g. (16)). In addition, descending interneurons seem to release NO as a retrograde transmitter to modify synaptic transmission between them and sensory neurons (38) . The changes in the cytoplasmic Ca 2+ concentration as well as in the basal membrane potential observed in the present study may be involved in these descending reflex pathways.
Taken together, these observations demonstrate that NO, which can be produced in rat myenteric (32)), whereas the ability of the enteric neurons to produce NO via NOS-1 is reduced (11, 17) . NOS-2 knockout mice and NOS-3 knockout mice develop a more severe colitis when exposed to trinitrobenzenesulfonic acid. In another model for colitis, i.e. mice treated with dextran sodium sulfate, there is a prominent up-regulation of NOS-2 in the enteric glia; a response, which has been shown to be responsible for the massive change in the action of acetylcholine derivatives on intestinal anion transport (6) . These observations suggest that the inhibitory action of NO on the enteric nervous system might also be of pathophysiological significance.
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